Thermodynamic d ata on t he n-paraffins from n-C6H 14 t hrough n-C18H 38 have bee n used to obtain values for t he specific heat, entropy, en t halpy, a nd Gibbs free energy of a large, ideal CI-Iz-chain crys Lal from 0 to 420 oK and of t he liquid abo ve 200 ole An a lytical expressions are given for t he properties of t he crys Lal and liquid a bove 200 oJ . For the cr ystal, a modifi ed Einstein fun ction was used to a djust t he m elti ng te mperature to 414.3 ol e Values between 975 and 1025 cal/mole for the heat of fu sion were found to be t he ones mos L con siste nt wiLh the data. Compariso n of the res ults with polye Lhy le ne da ta shows r easonable agreemen t.
Introduction
This paper concern s the empirical determination of accurate values [or the th erm~dynamic properties of ideal CH2-chain crystal! and liquid in the temperature ranae from 0 to 420 O K and 200 to 420 O K respectively, usin g publish ed data on pure n -paraffins. This analysis is intended to circumvent the inherent difficulties involved in measuring polyethylene directly since (so far) even the mo t carefully crystallized polye thylene samples are not large, well defined CH2-chain sys tems, and measurements necessarily reflect the nonnegligible effects of chain fold s and "amorphous " inclusions. 'IVunderlich [1 ) ,2 realizing this problem, has extrapolated specific heats to 100 percent crystallinity to obtain the crystalline CH2 contribution to the specific heat. This method is presently limited in accuracy by a scarcity of data and variations in the chemical structures (e.g. , degree of branching and molecular weight) which exist between samples of different crystallinity . Even ideally, if one had sufficient data on several polyethylene samples which differed in percent crystallinity, the extrapolated results might still reflect the presence of chain folded lamellar surfaces, unless the lamellar thicknesses were properly taken into account.
The use of n-paraffin data to determine CH2 properties offers the advantages that the n-paraffins can be made highly pure and crystallized to a high 1 ' l' his means a crystal, lar ge in all dimensions, of vcry lon g OH , ch ain mole· cules, which con tains no chain ends or branches and only an equilibrium number of defccts. 21'igurcs in brackets indicate tbe literature references at the end of tbis paper. degree of p ed ection. Very car ef ully m easured specific heatdata are available for pw'e n-paraffins from n-C6H14 throu gh n-CJSH 38 (see followin g section ). It has b een r epOTted that Lhe molar specific heat (Op),3 enthalpy (II), entropy (8) , and Gibbs free energy (F ) of the solid n-paraffins appear to b e lin ear with chain length at constant temperature and crystal phase [2] [3] [4] . An obvious interpretation of this observation is that each CH2 unit in the chain can b e thought o[ as contributin g a ceItain number of vibrational modes to the crystal without ch anging the frequency spectrum, and Lhat this contribu tion is independen t of the length or the chain in whi ch the unit is located, so long as the lo cal crystal structure remains unchanged. Accordin gly , the properties o[ a CH2 unit should be the same in a large ideal -CH2-crystal as in the n-paraffins. The major limitation to the n-par a£I'1l1 determination of the crystalline CH2 properties are the deviations from linearity with chain length which become appreciable at temperatures near the n-paraffin melting points. For the liquid phase, there is a slight bu t real departure from linearity which will necessitate specirtl treatment in the determination of the liquid phase properties .
The approach used b elow will be: (a ) To establish the best values for Op, H , 8 , and F of a -CH2unit in both the liquid and solid phases over as wide a range of temperatures as possible, (b) to establish a consistent analytical representation of the above data from 200 to 420 oK , fLnd (c) to compare the results with actual data on polyethylene and examine the discrepancies between the predicted and observed properties.
Source of Data
Th e n-paraffin data used in this study wer e furnished by t h e Un ited States BurefLu of Min es, B fLrtlesville, Okla. , in the form of tables of values for 0 11, H-Ho, S, and F-Ho (Ho is the enthalpy at o O K ). Their work on n -C6H14' n-C7H I6 , and n-C8H1 8 through n-CI6H34 is presented , together with detfLils of sample purity, m efLsurement techniques, and thermodynamic calculations, in references [5 , 6, and 7] r espectively , and th eir work on n-C17H36 and rz -C18H 38 is as yet unpublish ed . Th e data on n-C7H 16 , n -C17H 36 and n-C1 R H 38 covered the temperature range from 0 to 370 O K , and dt.ta for the remfLinin g paraffins extended from 0 to 320 O K.
CH2 Structures
The even n-paraffins 4 from C6H14 through C18H 38 are triclinic fLt all temperatures up to the melting point. The odd n-paraffins 4 from CllH 24 thro ugh C l7H 36 ar e orthorhombi c at all temperatures up to within 15 degrees of their melting points but undergo a solid-solid transition prior to m eltin g. The orthorhombic CH2 structure of the odd paraffins appears to be identical to the CH2 structure of polyethylene, and is assumed to be identi cal to the stru cture of the ideal CH2-chain crystal whose properties we are predicting. Althou gh one would not expect th e data for the triclinic stru cture of the even nparaffins to be relevant to this work, it was found that the data obtained from the even n-paraffins varied only slightly from that of the odd n -paraffins.
In the liquid state one expects and finds no evenodd differences among the paraffins. The absolute en tropies of all 13 paraffins examined here, when plotted against chain leng th, lie on the same, nearly linear curve and the en thalpies and free energies show a similar behavior if one takes into account th e differen ces in zero point enthalpies between the different solid structures. For instan ce, the enthalpy which h ad to be added to F and H for the even paraffins in order to have the liquid phase values of F and H for both even and odd paraffins lie on the sam e nearly linear curve, when plo tted ver sus n, was found to b e 370 ± 10 cal/mole of paraffin molecules. This zero point energy difference is independent of ch ain length sin ce it r esults ent irely from the differences in packing of the chain end groups, with the triclinic phase allowing the lowest en ergy p acking. 5 ' Whereas th e solid phase of very lin ear , high molecular weight polyethylene contains a significant volume of chain folds which cause d eviations from the ideal cr ystalline CH2 specific heats, the liquid state should present no su ch difficulties . Specific heat measurements should not be able to detect the small p er-, E ven n-para frllls anel oelel n-parafflllS are terms used here to mean n-parafflll s containing an even or oelelnumber of carbon atoms in thc molecule.
• See refcren ce [3] for a further discussion of the abo,'e poin ts .
centage Or chain ends and branches present in the liquid. Therefore, the specific heats and absolute entropies calculated here from the liquid n -paraffin data should b e close to the actual measured values for polye thylen e, and a comparison of predicted and experimeo tal properties of the liquid provides an experimen tal test of tillS work. Th e liquid paraffin " data should not, howev er , b e expected to reflect the presence of a glassy state even w ell b elow the tem-~ p erature where the ideal CH2-chain liquid might become a glass. Table 1 contains a sample of th e thermodynami c data as received for th e solid and liquid phases at '1 represen tative temperatures.
Analysis of the Paraffin Data
For the solid at a given temperature, the differ-"I ences between the thermodynamic values of consecutive even and consecutive odd compounds was computed and these differen ces were averaged over the -i, whole range of compounds for which data were I available at that temper'ature. The averages for ~ "\ the even and odd p araffins were found to be very sim.ilar, and the combined average for both eve n and odd compounds was divided by two to obtain the desired thermodynamic value per mole of CH 2 units.
At the higher temperatures, where the shorter p araffins are liquid, the accuracy of the computations .. decreases due to the decreased range of data and the premelting 6 incr ease in the specific h eat that begins <~ about 50 degrees below the melting point and which can b e seen in the data at 200 O K in table 1. It is probable that above 200 O K, the values calculated by the above procedure will be somewhat smaller than the correct values_ For the liquid phase data, the range of temperatures amenable to computation was limited at low temperatures by the decrease in the number of liquid The differ ences between the thermodynamic values for consecutive even and odd paraffins are not quite as constant for t h e liquid as for the solid as can be seen in table 1, and an appropriate ex-.JJ trapolation of these differences to n = co was COllsidered to b e preferable to usin g a simple average. When plotted versus l in , the differences for the liquid were found to be linear within exp erimental error.
For F, H , and S, the best linear extrapolation to l /n = O was graphically determined, and the r es ultin g intercept was chosen as the desired thermodynamic .. -----_. _----- per to C ll, Liquid ph ase at 300 OK 
Determination of Analytical Expressions
Linear least squares fits of the specific heats for the solid above 150 OK and specific heats for the liquid ftbove 200 O K as a function of tempera tur e wer e carried out. Th e calculated standard deviation s were 0.15 c l/mole-O ]{ for the solid (39 data points) and 0.84 cal mole-ole for th e liquid (36 data points) . By using the calculated analytical expressions to extrapolate up to t he temperature where the free energies for the solid and liquid b eco me eq ual, it was fonnd that the predicted III el ting point was 397 .4 O K and the predicted heat of fu sion was 1132 call mole. Since the predicted m elting poin t is 4 percent b elow its most probable valu e of 414.3 O K [4] and since the predicted hea t of fu sion seems unreasonably high, the assumption of a linear specifLC h eat for th e solid above 200 O K was conclud ed to b e inttdequate for the representation of the known data. H ence, a correction to th e sp ecific heat for the solid was sought that. would decr ease the fr ee energy of the solid by a s ufficient amount to incr ease the melting poin t to its previou sly determined most probable (C p ) enlhalpies (H -Ho), entropies (8) and Gibbs fre e energies (F -Ho) of ideal CH2 chai n cl'ystal and liquid as derived /Tom n-para.fJin data (ex pe1'imental values) and as calcu lated using the equations i n ---Solid phase oK
Integrations of
. Fortunately, a correction of the type implied here by the 1?-paraffin data has the same rorm as the specific heat contribution s du e to several independent CH 2 vibrations which become important above 250 oK [8, 9] . These vibrations are well r epresented (1) where the bar indicates an "effective" quantity which is expected to li e somewhere between the maximum and minimum quantities in the above expression for Cv' The effective number of independent CH2 modes is represented by n, R is the molar gas constant, O= hii/k is the characteristic temperature, h is Planck's constant, Ii is the effective frequency of vibration, k is Boltzmann's constan t, and T is the a bsolute temperature.
It is convenient to replace the two parameters table 1 ) and the estimfl,te of b etter than 1 percent accuracy for the original data. At 200 oK the effects of premelting can be seen in table 1 as a reduction in the first two specific heat differences and the first Fl, S, and F differen ces. One is increasingly uncerta in above 200 oK about the correctness of the averaged data values, and thus the calculated values are t o be preferred fl,t the higher tempemtures. All reasonable atte ll'lpts to alter the results b)' starting with different initial linear and quadratic specific heat functions did not change the predicted m elting point by more than 2 degrees or the predi cted heat of fu sio n by more than 5 cal/mole. Nor did different assumed forms of the correction term make a sign ifica,llt difference in the predicted th ermodynamic fu nctio ns. The results were found to be quite insensitive to artifacts in the data or initial assumptions. This insensitivity, while givin g one confidence in the pred ucted values, greatly red uces the i mportance which one can attribute to the values of "8 and n in eq (1) .
The most uncertain and sensitive parameter in the calculations is the hea t of f usion , 6.h f . The best CUlTent experim ental estimate of 6.hr for polyethylene by the dilu en t method is 970 cfI,l /mole [J 0]. A reasonable calculation shows that for the ideal CH2-chain crystal, 6.hf can be expected to be higher than for 100 A thick lamellar polyethylene by 2 to 3 percent. From our work, 6.h f = 975.9 ,tppeitrS to b e a minimum va lu e since any lo wer valu e resul ts in the solid specific heat exceeding th e liq uid specific hefl,t below t he melting point. As 6.h f is increased above its minimum vn,lu e, the deviation between t h e calculated and experim ental values in the 200 to 290 O K mnge increases, and the values of (j and n in eq (1) decrease from 1580 O K and 2.70 for 6.h f = 976 to 137G O K and 1.64 for 6.h f = 1000 cal /mole fl,nd 1164 O K and 0.98 for M~f= 1025. If 6.h f is as large as 1025 caI /mole, both the deviation from the experimental data and the values of (j and n seem unreasonable. Thus it appears li kely that the corr ect valu e of 6.h, lies within ± 2.5 percent of the 1000 cal/mole assumed in this analysis.
The ± 2.5 percent error in 6.h f causes an uncertainty in Hand S for the solid which decreases rapidly with temperature from about 1 percent at 400 O K to a negligible error at 300 O K. The effect of the uncertainty in 6.h f on the specific heat is illustrated in figure 5 . :For the liquid phase, the standard deviations of the data from the calculated curve have been given in the previous section and amount to roughly 10 percent for 01" 2 percent for F, and 0.3 percent for II and S. Hence, it seems reasonable to expect the calculated Hand S values to be accurate to within ± 2 percent. A comparison with pol)reth)'lene liquid data in the next section supports an estimate of ± 2 percent reliability for the liquid 01} valu es as well as the Hand S val ues.
Comparison With Experiment
. . . . Figure 5 shows a comparison of the ideal specific heat predicted here from n-paraffin data with that predicted by Wunderlich [1 ] from polyethylene data and with actual experimen tal valu es for crystalline Marlex 50 as reported recently by Passaglia and Kevorkian 19] a nd Dainton , Evans, Hoare, and Melia [11 ] . The specific heat valu es predi cted here ~" are appreciably lower than the polyethylene values up to 80 O K, slightly larger from 80 to 140 O K (this range varies somewhat with different data) fl,nd again smaller at higher temperatures . The smoothness (smaller variations in the slope) of the experimental 01' curve relative to the predicted curve below room temperature indicates that the ideal ;0 vibrational frequency distribution is broadened and the characteristic temperature is lowered in actual ,J specimens of polyethylene-a result attribu table to imperfections. Similar behavior was noted during this study in 01' data for a sample of n-C32H66 and a less pure sample of n -C33H 6S. Whereas the C 33 specific heats were nearly linear with temperature 1t from 90 to 180 O K , the C32 specific heats were markedl~r sigmoidal in th e same temperature range t.!with values below those of C33 at high and low temperatUTes and above those of C33 at temperav , tures between 100 and 150 O le Liquid polyethylene specific heat data [9] , shown as sq u ares in figure ' " ·' 5, ag ree lo within 1 perce nt wilh Lh e p red icted liquid r'p (·u rve . The enthalpies of Lhe liquid reported by Passclglia and Kevorkian arc Sill all or than predicted by less Limn 2 percent and lhe en tropics 01' the liquid :.. Hre larger Lhan predicted b)' less lhan 2 percent. 1 T hese agreements ar e considered satisfactory. ~ , i rund erlich 's predicted H imd S values for the solid at ;300 OK agr ee to withi n 2 percellt with those predicted f rom th e n-paraffins. Th e predicted specific 11 cats difFer somewhat as shown by th e dashed curve i n figur e 5. Dainton, Evans, Hoare, and : l VIeli a [11] ,. used a ll extrapolation technique to obtain a valu e for c]'ystftllinities are gener ally higher than volume crystallin ities is con sistent wi th the assumption that much of the imperfection in highly crystallin e polyethylene samples is unoccupied volume (such as " mig ht be exp ec ted to exist between lamellar fold s urfftces. ) Volume m easurem ents wo uld be sensi tive to these de fects wh ereas ent halpy measurements would not. t .
.3. Observations and Suggestions
The th ellTIodynamic properties r epresen ted in fig ures 1-4 exhibi t several unu sual features that resul t from th e high specific h eat of th e solid at high temperR tures (nearly equ al to tha t of the liquid r.t the m elting temperature). The differ ence (/:::"H) b etween t he enth alpies of the solid Rnd liquid is quite consbm t in the melting region and the tendency of /:::,.I-I to become negative ,tt low tempel'atmes is no t prono unced. Even though /:::"8 Ilppe,U's to lend to ward zero between 100 alld 150 O K , the necessity for polyeth)-lene to fOl'l ll ,t glHs Lo Ill Hinbtin ,t positive /:::,.H and / : : : "8 is not as obvious as in most substnnces. It seems likel \' Lh11L lhe clisco lllinuiL\" in the /:::,.H versus tempenitlll'e curve at Lhe ghtS's transition would be so s mall t lHtt iL would be difficul t to detect. J n eLccord with the ILbo\T e, /:::"P is well approximated by /:::"hr/:::"T/ TM over nn ullus1l1111.\" hu ge r ange of temperatures. This silllple lineal' app rox im ation to /:::"jis in en ol' b)' onl.'" l.5 percent for /:::,.T= 50 degrees and by less t han 5 percent for / : : : , . 1'= 100 degrees. One would expect 4/ to be lIl uch less linear t han this for m ost s ubstances [12 ] . F rom the ftbove observfttion s, it is not surprising tha t there is very li ttle indication of a glass tmnsition in t he t herillodyn amic data fo], lineal' pol)T etlwlene.
T here is no indicfttion in t he data derived from the liquid paraffin s above 200 O K o/' the existence of the glassy state ill polyethylene, [tll cl yeL th e gln,ss is ge nerally co ns idered to be t he sLa ble amorphous state in polyeth ylene b elow about 237 O K [1] . On e m ay conclude tllfl,t t he glass tmnsitionLemperaLure is clm in lengt h depe ndent a nd Lhftt t b e glass beco mes s table wilh respect to Lhe sup ercooled liquid above 200° only (or chai n lengLhs gr eater lhan som e minimum value. Th e on ly \,vity one could usc Lhe n-p araffin s for predicting th e proper Lies of Lhe polyet hylene glassy s LaLe would b e to h ave daLa on t he glassy staLe of t he n-paraffin s. As s hown in table 1, Lh e in cremenLal in cr ease pCI' 0 1-12 in t he n-paraffin t herm odynamic properlies is not as co nsLant in tbe liqui d sttLte as in the solid. This result see ms consisLent with the following ftl'g ument. ]n the solid, evell for chains wilh less th an ] 0 CH z units, t he ill termolecul ar for ces Ilre stron g enough compared to the intram olecular forces to isolate t he motions o( a central (,H 2 uni t from those of the chain end s. Tn t be liq uid t be ill terll101ecular forces are weaker ft ll d less r egulRl' so that the OH 2 b ehavior is sensitive to ch Rin end efreets. Th e nonlin earity of the in cr emental ill crMse per 0 1-12 in t he liquid th ermodyn a mic properties with r eciprocal ch ain length possibly indicates t he presence of "en tire chain" vibrationnl modes in the liquid even fo r very long chain lengths. 7 The departure of the predicted specific h eat from th at m easured for polyethylene in the 10 to 80 O K temperat ure range should b e investigated further.
Sin ce all polyethylenes so fftr meas ured see m to show t he sam e higher t han predicted sp ecific h eats in t his r ange, the anornaly would seem to b e ftSSOciated with so me non ideal feature which all samples have in common-e.g. , chain folded surfaces. It would be in teresting to examine t he ch a nges in 7 In a pri va te co mm uni ca tion, J. P. n[cCullough has suggested that the nOI1l inearity in tho liquid state is due to a con tribu tion from sllort range order which decreases exponentially with temperature a bove t.he melti ng point. J[ t his \~'c r c the case. the liquid data would become more linear at higher Lcm peratufcs.
IIigher temperatu re s peCific hcat data can clarif y this poin t. specific heat of polyethylene with lamellar thickness to see if the discrepancy could be resolved. It might also be useful to attempt to analyze the data in this paper in the manner reported recently by Wunderlich [8] . It is desirable to have more nparaffin specific heat data for longer chain lengths and higher temperatmes in order to increase the accmacy and temperatme range of the predicted higher temperatme solid and liquid thermodynamic values.
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